The function of mammalian transcription factors of the leucine zipper class was investigated in leaf-derived protoplasts of tobacco. In transient expression experiments, Fos and Jun strongly activated chimeric promoters composed of the TATA box region of the cauliflower mosaic virus 35s transcript preceded by one to five copies of an APl/GCN4 binding site. Fos and Jun also stimulated a wheat high molecular weight glutenin promoter in which similar binding sites are located more than 500 base pairs from its transcription start site. Both the DNA binding and the transcription activation domains of these proteins were required for proper promoter stimulation by Fos and Jun. Each factor alone was partially active, suggesting that at least the Fos protein can associate with an endogenous plant transcription factor. These observations support the hypothesis that sequences related to APl/GCN4 binding sites could be cis-acting modules involved in the transcriptional regulation of plant genes.
INTRODUCTION
The conservation of transcription mechanisms among mammals, insects, and yeasts has been demonstrated in vivo by the functional interchangeability of promoter elements (Harshman et al., 1988; Jones et al., 1988) and of transactivating factors (Struhl, 1987; Fisher et al., 1988; Kakidani and Ptashne, 1988; Lech et al., 1988; Metzger et al., 1988; Struhl, 1988; Webster et al., 1988; Lambert et al., 1989) . In tobacco protoplasts, artificial GAL4-derived proteins were shown to stimulate a chimeric promoter containing GAL4 17-bp binding sites (Ma et al., 1988) . Transcription factors of different species showing a common structural organization often bind to closely related elements. For example, similar cis-acting DNA sequences are targets for GCN4, which is the final positive regulator in the general control for amino acid biosynthesis in yeast, and for AP1, which is a mammalian protein fraction containing products of the fos and jun multigene families (Vogt et al., 1987; reviewed in Curran and Franza, 1988; Johnson and McKnight, 1989; Mitchell and Tjian, 1989; Struhl, 1989; Vogt and Bos, 1990) . Two distinct domains were defined in these factors: the DNA binding domain and the transcription activation domain. The DNA binding domain is bipartite: it contains a leucine zipper region necessary ' To whom correspondence should be addressed.
for the dimerization and a basic region involved in the recognition of DNA (Landschultz et al., 1988) . GCN4 or Jun homodimers as well as Fos-Jun heterodimers recognize identical DNA sequences (Hirai and Yaniv, 1989; Kouzarides and Ziff, 1989; Sellers and Struhl, 1989) . The binding of these factors enhances the transcription of target promoters .through the presumable interaction of their activation domains with elements of the transcription machinery (Lucibello et al., 1988; Hirai et al., 1990) .
Recently, severa1 plant genes showing structural similarities with these yeast and mammalian transcription factors were identified. The Opaque 2 gene, which probably regulates the transcription of the 22-kD zein genes in maize, encodes a protein that contains a leucine zipper region flanked at its N terminus by a basic region (Hartings et al., 1989) . A similar arrangement is also found in cDNAs coding for sequence-specific DNA-binding proteins: TGAla and TGAlb from tobacco (Katagiri et al., 1989) and HBP-1 from wheat (Tabata et al., 1989) . All three proteins bind to related sites that share the core sequence TGACG, which is located in the promoters of the cauliflower mosaic virus (CaMV) 35s transcript and of histone genes. This motif is also part of the CREB/ATF binding site (Hurst and Jones, 1987; Montminy and Bilezikjian, 1987) and resembles the central TGACT motif of the AP1/ GCN4 binding sites.
An AP1 /GCN4 binding site, the palindromic sequence ATGA(G/C)TCAT, is found in the 3' part of the so-called "endosperm box," a sequence common to promoters of wheat and barley genes (Forde et al., 1985; Colot et al., 1989) coding for gliadins, low molecular weight glutenins, and B hordeins. This sequence is also present twice in the wheat high molecular weight (HM W) glutenin promoters (this paper; Halford et al., 1987) . These cereal genes, members of the prolamin storage protein family, have an endosperm-specific, transcriptionally regulated activity (Greene, 1983; Rahman et al., 1984; Bartels and Thompson, 1986) .
To investigate the relevance of AP1 /GCN4 binding sites in plant promoters and the potential activity of mammalian transcription factors of the leucine zipper class in plant, we undertook transient expression assays in leaf-derived protoplasts of tobacco. We report here that v-fos and c-jun gene products stimulate the transcriptional activity of short chimeric promoters through the AP1 /GCN4 binding sites. These sites also mediate Fos-Jun transactivation of a native wheat HMW glutenin promoter.
RESULTS

Experimental Design of Transactivation Assays
The goal of the experiments was to study the potential action of v-fos and c-jun gene products on promoters in a plant context and the significance of AP1 /GCN4 potential binding sites in plant promoters. For this purpose, leafderived protoplasts of tobacco were cotransfected with a reporter plasmid and either plasmids expressing these proteins or a negative control plasmid.
Three different series of plasmids represented in Figure  1 were used in these experiments. First, the reporter plasmids contain the bacterial cat gene fused at its 5' end to the different promoters tested: (1) short chimeric promoters (pMIC plasmids, Figure 1A) and (2) ln practice, the following plasmids were mixed: one reporter plasmid plus one (FOS or JUN) or two (FOS and JUN) activator expression plasmids. In some instances, the gus internal control was added. The Fos-Jun transactivations of the different promoters were quantitatively monitored in three independent experiments.
Fos and Jun Transactivate Chimeric Promoters Containing One or Severa1 APl/GCN4 Binding Sites
The activity of Fos and Jun in plant cells was first investigated with short promoters specially designed for this study. The chimeric promoters of the pMlC series ( Figure  IA) consist of a 52-bp fragment overlapping the CaMV 355 TATA box (from position -46 to +6 relative to the transcription start site; Odell et al., 1985) preceded by zero to five concatemerized potential APl binding sites, ATGA(G/C)TCAT, from an HMW glutenin promoter (position -575 to -559). In this report, we called this sequence the B consensus because its central motif is also located in the B part of the prolamin endosperm box (Kreis et al., 1986 ). Mouse nuclear extracts enriched for AP1 activity specifically bound the B consensus oligonucleotide in gel retardation assays (data not shown). As illustrated in Figure 2, all the plasmids of this pMlC series gave rise to similar low levels of CAT activity after protoplast transfection in the absence of any activator plasmid (lanes 1 to 6).
Two activator plasmids expressing a hybrid v-fos oncogene (pGY-FOS; Schuermann et al., 1989) or the mouse c-jun proto-oncogene (pGY-JUN; Ryseck et al., 1988) were added together with the reporter plasmids. These cotransfections resulted in a dramatic stimulation of the chimeric promoters harboring the B consensus [ Figure 2 ; plxB-MIC to p5xB-MIC (lanes 8 to 12) compared with pMlC (lane 7)]. Interestíngly, the stimulation by Fos-Jun increased gradually with the number of binding sites, giving a 13-fold to a 65-fold mean activation for plxB-MIC and p5xB-MIC, respectively.
Because the molecular ratio of the Fos and Jun proteins in the heterodimer is 1 :1, we determined the optimal ratio of pGY-FOS versus pGY-JUN with regard to the transcription stimulation, assuming that the efficiency of the 35s expression cassette may vary between the different plasmids. For this purpose, the best inducible plasmid, p5xB-MIC, was cotransfected with different ratios of the Fos and Jun expression plasmids, the total amount of pGY plasmids remaining equal in each sample. In our conditions, the stimulation was optimal with a pGY-F0S:pGY-JUN ratio of 9:l (data not shown). 
Defined Functional Domains of Fos and Jun Are Required for Proper Transactivation in Plant Protoplasts
To confirm that the enhanced transcriptional activities observed are really due to the binding of Fos and Jun proteins The effect of the concatemerized AP1/GCN4 binding sites in the chimeric promoters alone on CAT activities is shown in lanes 1 to 6. The degree of transactivation of these promoters by Fos plus Jun is shown in lanes 7 to 12. In this last case, the pGY-FOS:pGY-JUN ratio is 9:1. One microgram of pBI121 was added to each plasmid mixture. The three symbols correspond to three independent experiments. The CAT assays were normalized according to the GUS activity. In both blocks, the quantification of the induction is expressed as the ratio of chloramphenicol acetyltransferase activities of each sample versus the pMIC sample (boxed). The CAT activity of the pMIC+pGY-FOS/pGY-JUN sample is similar to those of the nonstimulated series. The columns represent the average-fold activation values. The autoradiogram corresponds to the CAT assay of one experiment. The abbreviations CM and AcCM stand for nonacetylated chloramphenicol and 1-acetyl plus 3-acetyl chloramphenicol, respectively.
Fos and Jun Stimulate an HMW Glutenin Promoter
We have previously isolated the Glu-1 Dy12 allele coding for an HMW glutenin of the wheat cultivar Camp Remy. The 1364-bp sequence flanking the open reading frame at its 5' side was subcloned and sequenced. This promoter is highly homologous to shorter HMW glutenin ones already published (P. Hilson, C. Lejour, D. de Froidmont, P. du Jardin, and J.-M. Jacquemin, manuscript in preparation). As shown in Figure 1 B, the glutenin reporter plasmids pPGC1, pPGCS, and pPGC7 contain promoter sequences ending at position -5 and starting at positions -1364, -646, and -433, respectively, relative to the glutenin initiation codon. Two AP1/GCN4 binding sites (A/ GTGAGTCAT) are located at positions -571/-563 and -592/-5S4 of this promoter (Figure 1 B) . The transfections with the three glutenin reporter plasmids alone gave rise to low transcriptional activities decreasing with the glutenin promoter size, as illustrated in Figure 4 . Taking the values of the shorter one (-433/ -5) as a unit value, the sequences -646/-S (in pPGCS) and -1364/-5 (in pPGC1) correspond to relative activities of 2.5 and 7.5, respectively (lanes 1 to 3).
In the presence of Fos and Jun, the activity of the -433/ -5 fragment was not changed, whereas the -646/-S and -1364/-5 promoters gave rise to relative activities of 7.4 (2.8-fold activation) and 19.0 (2.6-fold activation), respectively. These results indicate that the Fos and Jun factors were able to stimulate HMW glutenin promoter regions harboring AP1 /GCN4 binding sites located more than 500 bp from the putative transcription start site.
to the B consensus in vivo and to their subsequent interactions with the plant transcription machinery, we constructed two plasmids expressing mutant proteins. pGY-FDC contains the murine c-fos proto-oncogene lacking its C-terminal acidic transcription activation domain and pGY-CDL codes for a c-y'un-derived protein in which the leucine zipper region has been deleted. It was previously shown that the CDL protein fails to bind DMA in vitro and that both FDC and CDL fail by themselves to transactivate reporter plasmids containing AP1 binding sites in mammalian cells (Hirai et al., 1990) .
In cotransfected plant protoplasts, the fos or jun truncated genes in the 35S expression cassette (pGY-FDC and pGY-CDL) behaved like the pGY1 negative control ( Figure 3) ; each one of them alone (data not shown) or both together (lanes 6 and 7) did not transactivate the reporter plasmid. Furthermore, the truncated Fos failed to cooperate with Jun (lanes 2 and 3) , and the C-terminaldeleted Jun did not significantly increase transactivation by Fos (lanes 4 and 5). In all samples, the reporter plasmid is the most inducible p5xB-MIC, and FOS-type:JUN-type plasmid ratios are 9:1. The three symbols correspond to three independent experiments. The CAT assays were normalized according to the total protein concentration. The quantification of the induction is expressed as the ratio of chloramphenicol acetyltransferase activities of each sample versus the pGY1 sample (boxed) The promoter activity of each 5'-flanking region alone is shown in lanes 1 to 3. The transactivation of these by Fos plus Jun (plasmid ratio 9:1) is shown in lanes 4 to 6. The three symbols correspond to three independent experiments. The CAT assays were normalized according to the GUIS activity. In both blocks, the quantification of the induction is expressed as the ratio of chloramphenicol acetyltransferase activities of each sample versus the pPGC7 sample (boxed). The CAT activities for pPGC7 in the absence or in the presence of Fos plus Jun are similar. The columns represent the average-fold activation values. The autoradiogram corresponds to the CAT assay of one experiment. The abbreviations CM and AcCM are defined in the legend to Figure 2 .
DISCUSSION
The present work demonstrates that the Fos and Jun mammalian oncoproteins, forming a heterodimer that constitutes the major component of the AP1 transcription factor, can stimulate plant promoters containing AP1 recognition sites when expressed in Nicotiana plumbaginifolia cells. These transactivations were achieved with native heterologous transcription factors, whereas a previous report showed that GAL4 derivatives induce chimeric promoters in N. tabacum protoplasts when deprived of a large internal portion of the protein (Ma et al., 1988) . In vitro analyses revealed that Jun homodimers have a low affinity for AP1 binding sites compared with the FosJun heterodimers. On the contrary, Fos by itself is unable to form homodimers and, hence, to bind DNA (Nakabeppu et al., 1988; Neuberg et al., 1989; Hirai et al., 1990) . In our plant system, cotransfection with the Fos or Jun coding plasmid led to significant transactivation of a chimeric promoter containing five AP1/GCN4 binding sites. This suggests that at least the Fos protein can associate with endogenous plant transcription factor(s), as is the case in mammalian transient expression experiments (Setoyama et al., 1986) . The activity of Jun protein may be related to its capacity to form homodimers that bind to DNA and may activate transcription, although we cannot exclude that it forms heterodimers with endogenous plant protein(s) analogous to Fos.
A Fos derivative deprived of its C-terminal acidic activation domain (FDC), or a Jun derivative lacking the leucine zipper region necessary for dimerization (CDL), are inactive in tobacco as in mammalian cells Hirai et al., 1990) . Together with the functionality of the nonmutated factors, those data strongly suggest that the same elements of Fos and Jun proteins are involved in dimerization, in DNA binding, and in transcription activation in mammalian and plant cells.
We showed that the Fos and Jun mammalian factors are also able to activate a genuine plant promoter. The -646/-S and the -1364/-5 HMW glutenin promoter regions, containing two AP1/GCN4 binding sites located at positions -592/-S84 and -571/-563, were transactivated by Fos and Jun, whereas the -433/-S region was not. As in mammalian genes (Dynan, 1989) , plant promoters could be composed of multiple short modules mediating together cellular responses to developmental or physiological stimuli. The presence of AP1/GCN4 binding sites in consensus regions of related prolamin promoters together with our demonstration that they can mediate transcription activations in plant cells suggest that these elements could be involved in the regulation of plant gene expression.
This hypothesis is supported by the recent finding that plant genes code for predicted proteins containing a structural domain similar to the DNA binding domain of the leucine zipper class of transcription activators. Two of them are involved in tissue specificity: Opaque 2 probably regulating the zein expression in maize (Hartings et al., 1989) and TGA1 a binding to a DNA sequence conferring root expression in tobacco (Benfey et al., 1989; Katagiri et al., 1989) . Two others, the wheat HBP-1 (Tabata et al., 1989) and the tobacco TGA1b (Katagiri et al., 1989) , bind to regulatory elements of the histone gene promoters.
METHODS
Reporter and Activator Plasmids
All reporter plasmids were Bluescript(+)KS derivatives. In the chimeric promoters, a 52-bp fragment identical to a region of the CaMV 35S promoter extending from position -46 to +6 relative to the transcription start site (Odell et al., 1985) and generated with two synthetic oligonucleotides was placed in the Bluescript Smal site. A BamHI 2.0-kb fragment containing the caf gene fused to the nos polyadenylation signals (caf-nos ter, Masson and Fedoroff, 1989 ) was then added in 3' to give pMIC. The region of an HMW glutenin promoter extending from position -575 to -559 was synthesized as a double-stranded oligonucleotide called B consensus, flanked by the 5'-protruding ends of the Hindlll site (see Figure 1A) . Concatemerized copies of this oligonucleotide were introduced upstream of the CaMV 35S minimal promoter in the pMIC Hindlll site to give p1xB-MIC to p5xB-MIC, according to the copy number of oligonucleotides inserted. The orientation of the copies in each plasmid was determined by sequencing. All copies were intact except for the central oligonucleotide in p5xB-MIC in which the two last Ts, in the transcription sense, were deleted.
In the HMW glutenin series, the 5'43' deletants were obtained from Exolll-ExoVII digestions. The 3' end of the promoter regions is located at position -5 and originated from the Klenow enzyme treatment of a digested BstXl restriction site overlapping the first ATG in the genomic clone. A BamHl linker was introduced in the BstXI-blunted site and used for the introduction of the abovementioned car-nos ter cassette to give the PGC plasmids.
In the activator plasmids, open reading frames were subcloned in the 35s expression cassette of pGYl , which corresponds to the previously described pDH51 (Pietrzak et al., 1986) in which the Ncol site was replaced by an Xhol linker. A 0.96-kb BamHl fragment containing a v-fos gene, hybrid of FBJ-MSV and FBR-MSV fos genes, was extracted from pE3002 and introduced in the pGYl BamHl cloning site (pGY-FOS); an Rsrll-Scal 1.12-kb fragment containing the mouse c-jun coding region (Ryseck et al., 1988) was blunted by treatment with the Klenow fragment of Escherichia coli DNA polymerase I and introduced in the pGYl Smal cloning site (pGY-JUN); two HindlllBamHl fragments of 0.87 kb and 1.24 kb, coding for the mouse Fos protein lacking its acidic domain and for the mouse Jun protein lacking its leucine zipper, were both extracted from a mammalian expression vector (Hirai et al., 1990) , blunt end repaired with the Klenow fragment, and introduced between the pGYl Smal and BamHl sites (pGY-FDC and pGY-CDL, respectively).
Transient Expression Assays
lsolation of Nicotiana plumbaginifolia leaf-derived protoplasts and Ca(NO&-PEG-mediated DNA transfer were performed as described elsewhere (Negrutiu et al., 1987) . After a 24-hr culture period, pelleted protoplasts were lysed in glucuronidase (GUS) extraction buffer. Each sample was ground, and after centrifugation the supernatant was used for chloramphenicol acetyltransferase (CAT) (Gorman et al., 1982) , GUS (Jefferson et al., 1987) , or protein assays (Bradford, 1976) . GUS activities were measured by fluorogenic assays. CAT activities were determined by 14C scintillation counting .
The lysate amounts used in the CAT reactions concerning the activation by Fos and/or Jun were normalized by two parameters:
(1) The GUS activity originating from the 35s promoter-GUS coding sequence plasmid (pB1121) served as interna1 control for experiments in which the ratio of Fos and Jun expression plasmids was constant. It gave a global estimation for the transfection efficiency and the residual mortality inherent in the PEG technique.
(2) CAT assays were normalized according to protein concentrations for experiments in which the activator plasmid ratio varied. Hence, systematic deviations that could result from Fos or Jun interaction with the full 35s promoter present in the plasmid pB1121 were avoided.
